Plasmids are self-replicating genetic elements capable of mobilization between different hosts. Plasmids often serve as mediators of lateral gene transfer, a process considered to be a strong and sculpting evolutionary force in microbial environments. Our aim was to characterize the overall plasmid population in the environment of the bovine rumen, which houses a complex and dense microbiota that holds enormous significance for humans. We developed a procedure for the isolation of total rumen plasmid DNA, termed rumen plasmidome, and subjected it to deep sequencing using the Illumina paired-end protocol and analysis using public and custom-made bioinformatics tools. A large number of plasmidome contigs aligned with plasmids of rumen bacteria isolated from different locations and at various time points, suggesting that not only the bacterial taxa, but also their plasmids, are defined by the ecological niche. The bacterial phylum distribution of the plasmidome was different from that of the rumen bacterial taxa. Nevertheless, both shared a dominance of the phyla Firmicutes, Bacteroidetes, and Proteobacteria. Evidently, the rumen plasmidome is of a highly mosaic nature that can cross phyla. Interestingly, when we compared the functional profile of the rumen plasmidome to two plasmid databases and two recently published rumen metagenomes, it became apparent that the rumen plasmidome codes for functions, which are enriched in the rumen ecological niche and could confer advantages to their hosts, suggesting that the functional profiles of mobile genetic elements are associated with their environment, as has been previously implied for viruses.
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metagenomics | microbial ecology | rumen microbiology W ide analysis of prokaryotic genomes has revealed that lateral gene transfer (LGT) greatly accelerates the rate of novel gene introduction into these genomes (1) . Hence, LGT significantly contributes to prokaryotic genome novelty and evolution (2) . The driving force for LGT is mobile genetic elements that serve as vehicles in the communal gene pool (3) . Plasmids, as mobile genetic elements, are self-replicating, extrachromosomal genetic elements that operate as "gene ferries" (4) . Plasmids have been considered key vectors of genetic exchange between bacterial chromosomes, both recently and in the past (5) . Furthermore, plasmids are thought to have major ecological functions because they are found with high abundance in bacterial populations of many habitats (6) . Plasmids usually carry conserved backbone functions of DNA replication and mobilization, important for maintenance within their host and transfer among hosts. In addition, plasmids carry a variable assortment of accessory genes, which make them an important evolutionary force, as these functions often contribute to their host's phenotypic diversity. Plasmids isolated thus far from different ecological niches encode a versatile array of accessory functions, ranging from antibiotic resistance to nitrogen fixation. These functions may confer an advantage to their host in its ecological niche, making the burden of carrying the plasmid worthwhile (3, (6) (7) (8) (9) (10) . Therefore, accessory functions carried by plasmids in a specific ecological niche may be enriched by requirements that are relevant for that niche. Because of their important role in shaping microbial habitats, understanding and characterizing plasmids is of high importance to understanding microbial environments. To date, several studies have attempted to look at uncultured plasmid communities, overcoming host dependency, albeit allowing the isolation of only a small number of plasmids or resulting with chromosomal DNA contamination (11) (12) (13) .
The reticulorumen environment, which is part of the ruminant digestive system, is a highly intriguing environmental niche that accommodates complex and important microbial populations responsible for the ruminants' remarkable ability to convert indigestible plant mass into food products (14) . The high microbial density in the rumen (10 10 -10 11 /mL) favors LGT among rumen microorganisms (15) . Therefore, understanding the reticulorumen microbial niche is tightly linked to an understanding of LGT and the plasmids residing within this niche.
There have been several reports on the isolation of plasmids from rumen bacterial isolates and the transfer of genes between rumen microbes (16) (17) (18) (19) (20) (21) (22) (23) (24) . Plasmids isolated from rumen bacteria have been characterized as having replication and mobilization functions, and some contain accessory genes (25) (26) (27) (28) . As most reticulorumen microorganisms cannot be cultured, the ability to study their resident plasmids is limited by the constraints of traditional microbiology methods. A metagenomic approach, enabling the sequencing and study of rumen plasmids as a whole, might offer a solution to this problem. Nevertheless, to date, no broad metagenomic study has been performed on rumen plasmids, possibly because of challenging limitations, such as difficulty distinguishing them from chromosomal DNA, their low copy number, and very small fraction of the microbial DNA content.
In this study, we characterize the rumen plasmidome (overall rumen plasmid population) for its potential hosts, functions, and mosaic nature using a deep-sequencing approach. We developed a plasmid-extraction procedure that overcomes the aforementioned challenges, and extracted plasmid DNA from 16 cows. The rumen plasmid DNA was deep-sequenced via an Illumina paired-end protocol and analyzed using a public and customdeveloped bioinformatics pipeline. This pipeline, named Blast Report Plasmid Aggregator (BRPA), is capable of classifying and sorting the different generated contigs according to the localization of their annotated functions. We present a characterization of the rumen plasmidome for the mobility of its genes, potential hosts, and coding functions.
Results and Discussion
Rumen Sampling, Extraction, and Sequencing of Plasmid DNA. Traditionally, the study of plasmids and mobile genetic elements from the environment has been restricted to culture-dependent methods or molecular PCR-based screens of known plasmid sequences. Here we sought to overcome the culture dependency by using a recently standardized procedure that uses the ability of an exonuclease (plasmid-safe DNase) to digest chromosomal DNA. The chromosomal DNA is sheared during the extraction procedure and its linearized form is then exposed to exonuclease digestion, leaving the plasmid DNA intact. The circular plasmid DNA is then selectively amplified. During this procedure, contamination with chromosomal DNA is monitored by PCR of the 16S rRNA gene. We used this procedure to amplify the total rumen plasmidome. To achieve maximum plasmidome coverage, 16 animals were sampled for their rumen fluid and total rumen microbial populations were isolated from these samples, as previously described (29) . To purify the most divergent plasmid DNA from rumen bacteria, we used three different plasmidpurification methods that vary in their lysis abilities and are applicable to both Gram-negative and Gram-positive bacteria (30) (31) (32) , with minor adjustments. The purified DNA of the 16 different samples was pooled together, in equal ratios (Fig. S1B) , and subjected to digestion by plasmid-safe DNase. The purified plasmids were amplified with phi29 DNA polymerase (Fig. S1C) , previously used for viral DNA amplification (33, 34) . This process was carried out in parallel with an Escherichia coli plasmid (8 kb) as a positive control. The phi29 amplification product was digested with a unique enzyme to give its designative length (Fig.  S1A ). After verifying that our amplified DNA samples were free of genomic DNA contamination ( Fig. S1D ), they were subjected to deep sequencing via the Illumina paired-end protocol to enhance the de novo assembly process.
Roughly 34 million reads were generated and subjected to de novo assembly, using two assembly programs: Velvet (35) and SOAP de novo (SDN) (36) . Whereas Velvet yielded a higher number of contigs, SDN yielded a higher mean contig length (the two assembly outputs are summarized in Table S1 ). Furthermore, when aligning the two sets of contigs, almost all of the Velvet contigs aligned with SDN contigs (98%), whereas only 90% of the SDN contigs aligned with the Velvet contigs. Given the longer contig lengths, we selected the contig set generated by SDN for further analyses. Overall, the SDN contig set included 5,771 contigs with a mean contig length of 469 bp and GC content of 47.4%. This relatively short contig length may suggest that the rumen plasmidome has extensive diversity, and that even 34 million reads do not cover a significant part of it.
Phylogenetic Analysis of the Rumen Plasmidome. We investigated the potential hosts of the plasmid-originated contigs using their phylogenetic assignment by the SEED database (using a maximum E-value of ≤10 −5 ). Most of the contigs were assigned to the domain Bacteria, with minor representation of the Archaea and Eukarya (Fig. S2) . We selected the Bacteria domain for further analysis. The distribution of the dominant bacterial phyla within the rumen plasmidome was: Firmicutes (47%), Bacteroidetes (22%), Proteobacteria (20%), and Actinobacteria (9%) (Fig. 1 ). This distribution was significantly different from the phylum distribution of all plasmids available at the Integrated Microbial Genome (IMG) and ACLAME (A Classification of Mobile Genetic Elements) databases: notably, Bacteroidetes and Firmicutes were more abundant in the rumen plasmidome and the phylum Proteobacteria was more abundant in the plasmid databases (Fig. S3) . Next, we sought to evaluate the phylogenetic distribution of the rumen plasmidome compared with the rumen microbiome. We analyzed metagenomic DNA extracted from the same rumen samples using 16S rRNA gene amplicon pyrosequencing. The Quantitative Insights Into Microbial Ecology (QIIME) pipeline was used to analyze the 172,000 quality-filtered reads generated, revealing a significantly different phylum distribution of Firmicutes (44%), Bacteroidetes (50%), and Proteobacteria (5%) (Fig. 1) . This difference was also apparent at lower taxonomical levels (Fig. S4 ).
Functional Analysis. Using a maximum E-value of ≤10 −5 , the functional SEED assignment of the rumen plasmidome revealed the most highly represented subsystems to be "Amino Acids" and "DNA Metabolism." The next most represented subsystems were "Cofactors, Vitamins, etc.," "Carbohydrates," and "Protein Metabolism." These subsystems were more abundant than "Virulence," which is considered to be highly represented in plasmids. High representation was also observed for the "Cell Wall and Capsule" subsystem (Fig. 2) . We further analyzed the functional distribution of the rumen plasmidome in comparison with known plasmid databases (37, 38) and previously published rumen metagenomes (39, 40) , to determine whether the rumen plasmidome harbors functions relevant to the rumen ecological niche. We assumed that features specific to the rumen niche would be abundant in the rumen metagenomes and plasmidome relative to the plasmid databases. Indeed, the functional distribution of the rumen plasmidome shared some similarities with the rumen metagenomes and exhibited a significantly higher (P < 0.05) proportion of representation of certain functional subsystems compared with the plasmid databases (Table S2) . These subsystems included "Cofactors, Vitamins, etc.," "Cell Wall and Capsule," "Carbohydrates," "Respiration," "Amino Acids," and "Protein Metabolism." Overall, the rumen plasmidome contains a unique distribution of functions that does not match the plasmids, which have been isolated and sequenced to date. This distribution profile represents a mixture of plasmid-associated functions and functions unique to the rumen ecological niche.
Proximity of Plasmidome Functions on the Contigs. As the SEED functional assignment does not refer to the arrangement of functions within each contig, we devised a bioinformatics pipeline that enables the analysis of functions carried by each of the contigs and their proximity to each other. This pipeline, termed BRPA, screens generated BLAST reports and maps the assigned functions according to their coordination within the contigs. Next, using sets of search strings and rules, BRPA aggregates contigs according to their assignment (a general scheme of the pipeline is given in Fig. S5) . A similar bioinformatics approach was recently used to study metagenomics of microbial traits within oceanic viral communities (41). for the bacterial populations in the same samples as revealed by amplicon pyrosequencing of the V2 and V3 regions of 16S rRNA gene sequences. All phyla that were less abundant than 1% in both datasets are included in the "Others" category. Differences in the relative abundance of each of the phyla were measured using χ 2 statistics. *P < 0.05.
Briefly, we compared our data, using a maximum E-value of ≤10 −3 , to the National Center for Biotechnology Informationprotein nonredundant (NCBI-NR), NCBI-nucleotide (NT), Conserved Domain Database (CDD), ACLAME, and IMG databases (only genes of ACLAME and IMG plasmids were used). In this step, 40% of the contigs had at least one hit against one of the databases, leaving roughly 60% of the data unannotated. This finding is consistent with the findings in virome studies that used the same E-value cutoff where the percentage of annotated contigs varied between 1 and 30 (42) (43) (44) . The proportion of contigs annotated by the different databases is listed in Table S3 . Manual inspection of the annotated contigs revealed the presence of plasmids previously extracted from rumen bacterial isolates (a list of these plasmids is given in Tables S4 and S5 ). We used BRPA to explore the datasets for contigs that carry a plasmid backbone function in proximity to accessory rumen-associated functions, as revealed by the rumen functional analysis. The rumen-enriched subsystems and plasmid origin of each contig were determined using specific search strings (Materials and Methods). In this classification, 86% of the annotated contig dataset received a plasmid assignment, verifying their plasmid nature. Using this approach, we were also able to locate contigs carrying functions related to these rumen-enriched subsystems carried in proximity to the plasmid backbone genes (Fig. 3) .
Mosaic Nature of the Rumen Plasmidome. To assess the extent of mosaicism of the rumen plasmidome, we determined the phylogenetic association of ORFs on contigs carrying more than one ORF. Their analysis was carried by the Phylogenie pipeline (45) for automated phylome generation and analysis implemented with the maximum likelihood RXaML program (46) . We could confidently determine the mosaic nature of 84 of the 220 contigs that carried at list two ORFs with annotations in the NCBI-NR. This proportion was because of unclear determination of the phylogeny association by the Phylogenie pipeline (Materials and Methods). This analysis revealed 74% of the contigs to be mosaic within the phyla level and 14.3% exhibited cross-phylum mosaicism (Table S6) .
Discussion
In this study, we were able to distinguish and amplify a large number of high-quality, pure rumen plasmid DNA using exonuclease treatment, phi29 DNA polymerase amplification and genomic DNA monitoring through 16S rRNA PCR. We used this procedure to extract plasmid DNA from the rumen of 16 animals, thus allowing for high plasmid diversity because of the possibility that different plasmids reside in different individuals. We also used three different plasmid-purification methods, each with a different lysis procedure, to allow for maximum diversity and quantity of plasmid DNA.
Most of the hosts of the rumen plasmidome could be attributed to three bacterial phyla (Firmicutes 47%, Bacteroidetes 20%, and Proteobacteria 22%). However, when comparing our data to that generated for the same cows using 16S amplicon pyrosequencing, the proportions of the different phyla varied significantly. These differences in proportions could be explained by variations in plasmid-bearing bacteria from each of the phyla: it is possible that in the rumen, phyla such as Proteobacteria and Actinobacteria host more plasmids than Bacteroidetes. Another possibility is database bias, supported by the scarce representation of Bacteroidetes and the high representation of Proteobacteria in the plasmid databases (Fig. S3) , or technical bias created by the plasmid-extraction methods. The BRPA computational pipeline designed for this study provided the ability to focus on the arrangement of the annotated functions within the plasmidoriginated contigs: over 86% of our annotated contigs were determined to be of plasmid origin, reinforcing the validity of the plasmid purification and amplification method. Interestingly, 338 of the plasmid-encoded contigs aligned with rumen plasmids previously isolated from different locations and at different time points, whereas rumen plasmidome alignment with other datasets of plasmids isolated from terrestrial and aquatic environments was significantly lower (P < 0.05) (Tables S4 and S5 ). This finding Fig. 2 . Comparative functional analysis of the rumen plasmidome vs. rumen metagenomes and plasmid databases. The plasmid databases (IMG and ACLAME) and the rumen plasmidome and metagenomes (39, 40) were compared with the SEED database for relative abundance of each of the major SEED subsystems by using a maximum E-value of ≤10 −5 . SEED subsystems that were less abundant than 1% in all five datasets analyzed are not shown. Differences in the abundances of plasmidomeenriched SEED subsystems compared with the plasmid databases were tested using χ 2 statistics. *P < 0.05.
suggests that not only are bacterial taxa selected by the ecological niche, but the plasmids that they carry are as well. Furthermore, this finding implies that the rumen plasmidome is a recurring outcome of natural selection and evolution with a certain degree of heredity: the rumen plasmidome occurs again and again, with variations, but also remarkable regularities in its genetic content. Inheritance of the rumen plasmidome between animals is likely carried out by a set of hosting bacteria, although the exact source of the rumen plasmidome and what reconstitutes it within each cow remain elusive. Nevertheless, previous studies have speculated that the origin of rumen bacteria stems from contact between the newborn and its mother (47) . The remaining contigs, not classified as "plasmid" by BRPA, might still be of plasmid origin but might lack the plasmid features recognized by BRPA.
Whereas most studies examining the identity and extent of laterally transferred genes focus on identifying the tracks of such events in bacterial genomes, this study presents the opportunity to examine the identity of such genes and the phylogenetic barriers they cross on the transfer "vehicles." By assigning the phylogenetic association of ORFs residing in the same contig using the Phylogenie pipeline, we determined that 74% of the examined contigs are mosaic within the phylum level, which is consistent with a recent report of LGT frequency at different phylogenetic levels (48) . Contigs exhibiting cross-phyla mosaicism amounted to 14.3%, possibly implying that in a dense microbial habitat, such as the rumen, gene mobility across phyla commonly occurs (Tables S6 and S7 ).This theory was also suggested in a recent study where gene-sharing events among species from different taxa were observed to be more frequent in the same habitat (49) , which could provide an additional explanation for the differences in the proportion of bacterial phyla in the rumen revealed by the 16S rRNA gene versus the plasmid contigs, as it suggests that some plasmids might be carried by very different host phyla and therefore have more than one phylum designation.
Evidently, the rumen plasmidome encodes a wide array of gene functions (Fig. 2) , strongly supporting the notion that most bacterial genes are capable of LGT (50) . For functions to be fixated on plasmids they ought to confer their host with an advantage in the ecological niche. Interestingly, when we compared the functional profile of the rumen plasmidome to those of the rumen metagenomes and plasmid databases, it became apparent that except for the intrinsic plasmid-coding functions, there are functions that are significantly enriched in the rumen plasmidome compared with the plasmid databases (P < 0.05). Using BRPA, we mapped some of these rumen-enriched functions in proximity to plasmid backbone functions, such as glycosyltransferase of the "Cell Wall and Capsule" subsystem (Fig. 3) . This enzyme and other members of this subsystem have been recently reported to be laterally transferred in the human gut from bacteria into archaeal genomes (51) . It was speculated that these genes give their host an advantage in the gut niche, enabling it to vary surface structures, especially capsular polysaccharides, in vivo. Other enriched subsystems included "Amino Acids" and "Protein Metabolism," which were predominantly constituted of biosynthetic pathway functions, which may grant their hosts an advantage in the rumen, as recently suggested (51) . On the other hand, the "Carbohydrates" subsystem was composed mainly of sugars using enzymes that might give their host an advantage in the carbohydrate-rich rumen environment. Overall, these findings support the notion that the mobile genetic elements show distinct profiles that are associated with their environment, something that has been previously shown for viruses and phages (41, 52, 53) . Furthermore, by isolating and examining the plasmid population of the rumen environmental niche we could capture the trafficking of plasmid gene mobilization. The validity of the reported results and findings for plasmids in other ecological niches remains to be confirmed. The plasmids' heredity and distribution between animals, as well as the functions they carry in the rumen environment, also warrant further investigation under changing conditions, such as diet and age. These questions can now be addressed using the unique procedures and computational pipeline developed here.
Materials and Methods
Sample Preparation. The experimental procedures used in this study were approved by the Faculty Animal Policy and Welfare Committee at the Agricultural Research Organization's (ARO) Volcani Center and were in accordance with the guidelines of the Israel Council of Animal Care. Israeli Holstein cows (n = 16) were housed at the ARO dairy farm in one shaded corral with free access to water and to a diet consisting of 70% concentrated food, mineral, and vitamin mix and 30% roughage, 17% of which was dietary natural detergent fiber. Samples were taken 1 h after the morning feeding: 500 mL of ruminal contents were collected via the cow's mouth using a stainless-steel stomach tube with a rumen vacuum sampler. Samples were transferred to CO 2 -containing centrifuge bottles to maintain anaerobic conditions and kept on ice. The ruminal samples were processed immediately after collection.
Microbes were isolated from the rumen samples using a protocol previously described by Stevenson and Weimer (29) : following 2 min of homogenization using an ice-cold blender, the homogenate was centrifuged at 10,000 × g and the pellet was dissolved in ice-cold extraction buffer (100 mM Tris-HCl, 10 mM EDTA, 0.15 M NaCl pH 8.0); 1 g of the pellet was dissolved in 4 mL buffer and incubated at 4°C for 1 h. The suspension was then centrifuged gently at 500 × g for 15 min at 4°C to remove ruptured plant particles while keeping the bacterial cells in suspension. The supernatant was then passed through four layers of cheesecloth, centrifuged (10,000 × g, 25 min, 4°C), and the pellet was kept at −20°C until plasmid DNA extraction.
Plasmids were purified from the bacterial pellet by three different methods, with some minor adjustments, to maximize lysis as different bacteria require different lysis methods (30) (31) (32) . Equal amounts of the DNA purified from the 16 rumen samples were pooled together and 10 μg of the pooled, purified DNA was subjected to Plasmid Safe DNase (Epicentre) digestion. The reactions were incubated overnight at 37°C, following DNase inactivation at 70°C for 30 min, and chilled on ice as previously described (54) . The presence of genomic DNA was tested by PCR using 16S rRNA universal primers (BAC338F: 5′-ACTCCTACGGGAGGCAG-3′ and BAC805R: 5′-GACTACCAGGGTATCTAATCC-3′) (29) . When 16S rRNA PCR product was visible on an electrophoretic DNA gel, another overnight digestion reaction was performed until 16S rRNA PCR product could no longer be visualized.
To selectively amplify circular DNA in the plasmid samples, phi29 DNA polymerase (New England Biolabs) was used. Reactions contained: 5 μL of the plasmid DNA as template, 1.5 μL of 10 μM exonuclease-resistant random hexamers (Fermentas), 3 μL phi29 DNA Polymerase Reaction Buffer (New England Biolabs), and 15.7 μL double-distilled water. Reactions were incubated at 95°C for 5 min and immediately chilled on ice. Following 5 min on ice, 1.6 μL phi29 DNA polymerase was added along with 0.2 μL pyrophosphatase, inorganic (yeast) (New England Biolabs) and 3 μL dNTPs (10 mM). Reactions were incubated at 30°C for 16 h. Finally, 3 μL from each reaction was loaded onto a 1% agarose gel with ethidium bromide staining for analysis. Following the amplification, the reaction product was used as the template for another 16S rRNA PCR to determine genomic DNA contamination. Only samples which failed to produce a 16S rRNA PCR product were sequenced.
Sequencing and Bioinformatics. The pure amplified plasmid DNA was subjected to deep sequencing via Illumina (Illumina GAIIX sequencer). To account for gaps that might occur during the assembly process because of repetitive DNA motifs, such as insertion sequence elements, we used the paired-end protocol, which increases the odds of overcoming such gaps during de novo assembly. The reads were assembled using two different assembly programs:
Velvet (35) and SDN (36) . The two sets of assembled contigs were compared using the BWA program (with standard parameters) (55) .
We analyzed the taxonomic and functional compositions of our dataset with the MG-RAST server (56) using similarity to the SEED database with a maximum E-value of ≤10 −5 (57) . The relative abundance of the SEED subsystems in our data were compared with that in two previously published rumen metagenomes (39, 40) , as well as to that in the IMG and ACLAME (37, 38) plasmid databases using the same method. For the data published by Brulc et al. (39) , we pooled all four metagenomic samples together and used them as a whole metagenome.
Contig Function Localization, Classification, and Sorting. The SDN-generated contig set was compared with five different databases: NCBI-NR (BLASTX), CDD (RPS-BLAST), NCBI-NT, ACLAME, and IMG (TBLASTX) using an E-value cutoff of ≤10 −3 . The BRPA pipeline was designed to map and arrange functional annotations on the contigs and sort them according to function. The essence of BRPA is to inspect and integrate the hits generated by the different BLAST reports into the different contigs and divide them into selected categories according to key words or specified parameters. BRPA is trained using the custom-made "hifdisk.pl" tool that searches for characteristic high-frequency keywords in a specific database, compared with a general database. For our purposes, the comparison was between the ACLAME plasmid database and NCBI-NR database. Of the main suggested keywords, we manually chose the most plasmid-oriented ones and added the "plasmid" or "conj" strings, as mentioned below. Because overlap between hits is expected, BRPA was directed to choose the best hit from all overlapping hits when the overlapping regions shared the same frame; other cases were considered nonoverlapping to enable the detection of two genes on opposite strands or different frames. Plasmid functions were defined by BRPA using the following rules: (i) a hit is generated by similarity to one of the plasmid databases (ACLAME or IMG plasmids); (ii) The description of the hit contains one of the following strings that we produced and added with the "hifdisk.pl" tool: "rep," "mob," "tra," "plasmid," or "conj" (some of the shorter strings contained a space character, filtering out false-positives). The functions of the rumen-enriched subsystems were defined by BRPA using the following strings: "NADH" (58), "ATP synthase" (59-61), "glycosyltransferase" (51), "glycosyl hydrolase" (40) . Representatives of other subsystems could not be found in proximity to plasmid backbone functions using BRPA. Finally, the general collection of contigs carrying plasmid backbone functions near accessory functions was manually inspected to validate their plasmid origin and the integrity of their annotation. Following this manual inspection, we were also able to locate functions of the "Cofactors, Vitamins, etc." subsystem, which are represented by polyketide synthase function.
Phylogenetic Assignment of ORFs. For the phylogenetic assignment of ORFs we used the previously described Phylogenie pipeline (45) , which was implemented with the maximum likelihood RXaML program (46) using NCBI-NR as database and 100 bootstrap replicates. We analyzed 220 contigs that had at least two ORFs with NCBI-NR annotations. The taxonomic assignment of each ORF was determined using bootstrap support of 80% or higher. We excluded contigs that failed to generate a tree, as well as those carrying ORFs with bootstrap support of less than 80% (30% of the contigs) or ORFs, the taxonomic assignments of which, were not in agreement (17% of the contigs, which were considered mosaic).
454 Tag Amplicon Pyrosequencing and Data Analyses. Samples from the same 16 cows were also used for metagenomic DNA extraction as previously described (29) . 454 amplicon pyrosequencing of metagenomic DNA was performed by the Research and Testing Laboratory (Lubbock, TX) using primers covering the 103-to 530-bp region of the 16S rRNA gene sequence, corresponding to regions V2 and V3 (107 F: 5′-GGCGVACGGGTGAGTAA-3′ and 530 R: 5′-CCGCNGCNGCTGGCAC-3′). The tagging and sequencing protocol was as described previously (62) . Data quality control and analyses were mostly performed using the QIIME pipeline (63) . First, reads were assigned to their designated rumen sample using the split_library.py script, which also performs quality filtering based on length (<200 bp) and quality of the reads. The Uclust default method was used and the degree of similarity between sequences was defined as ≥97% to obtain operational taxonomic unit (OTU) identity at the species level. OTUs that clustered single reads were manually removed. After constructing an OTU table, taxonomy was assigned using the BLAST algorithm and the reference database, found at http://blog. qiime.org, designated "most recent Greengenes OTUs."
